Over a range of concentrations from less than 0.1 mM to more than 70 mM, sweet potato root mitochondria display a bimodal substrate saturation isotherm for malate. The high affinity portion of the isotherm has an apparent Km for malate of 0.85 mm and fits a rectangular hyperbolic function. The low affinity portion of the isotherm is sigmoid in character and gives an apparent S0.5 of 40.6 mm and a Hill number of 3.7.
On the basis of the normal kinetics, the Km, and the fact that oxaloacetate production from malate by mitochondria appears most active at low malate concentrations, the high affinity portion of the malate isotherm with mitochondria is attributed to malate dehydrogenase. The low affinity portion of the malate isotherm with mitochondria is thought, on the basis of the similarity of SO.5 values, the Hill numbers, and the greater production of pyruvate from malate at high malate concentrations, to represent the activity of the NAD malic enzyme.
The response of plant mitochondria to malate is often variable and erratic (6, 10, 12, 13, 15) . Saturation with the substrate is difficult to achieve, coupling with phosphorylation is sometimes less than with other tricarboxylic acid cycle substrates using NAD as a cofactor (16) and the response to exogenously added cofactors such as NAD may be at variance with that of other substrates (3, 6, 15) . In part, these unexpected responses may arise from the characteristics of the enzyme, malate dehydrogenase, usually assumed to be responsible for the oxidation of malate in the tricarboxylic acid cycle. Malate dehydrogenase is strongly inhibited by its product, oxaloacetate, at pH values in the range likely to be found in the mitochondria (10, 17, 18) , and is subject to allosteric regulation by a number of effectors (1) .
We have observed in mitochondria from a variety of plant tissues, including sweet potato, beet roots, cauliflower florets, and Arum spadix, a failure of 02 uptake rates to be saturated by levels of malate greatly in excess of the concentrations which would be expected to elicit no further response on the basis of the observed Km for malate of malate dehydrogenase in mitochondrial extracts. In addition, it is frequently difficult to obtain smooth curves in the 02 uptake response of plant mitochondria to malate, and where sufficient numbers of careful determinations are made, the malate response curve appears to be inflected. Similar results have been obtained by others (3, 13 
RESULTS
Malate Oxidation by Mitochondria. When sweet potato mitochondria are permitted to take up 02 in the presence of a wide range of malate concentrations (from 0.02 to 73 mM), a bimodal saturation curve is produced as illustrated in Figure 1 . This set of data was chosen because it shows the inflection in the 10 mM malate concentration range more clearly than in some cases. However, with sweet potato mitochondria prepared in a variety of ways and regardless of whether the mitochondria are coupled or uncoupled, we always obtain indications of a bimodal malate saturation isotherm. Although the data of Figure 1 Figure 1 , the mitochondria were provided only with malate, Mg2+, Pi, and an excess of ADP, so that the velocities given are state 3 rates using only endogenous cofactors. We have, however, found that in some mitochondrial preparations, added NAD does produce an increased rate and a more pronounced bimodality of the malate saturation curve.
Curves with the general shape of that in Figure 1 Where v = total rate at any substrate concentration S; V, = Vmax for the high affinity enzyme; K1 = Km for the high affinity enzyme; V2 = Vm., for the low affinity enzyme; K2 = S0.5 for the low affinity enzyme; and n = the Hill coefficient for the low affinity enzyme.
The experimental data of Figure 1 are fitted to equation 1 by the gradient search least squares method (2) , and the line shown in Figure 1 is the line of best fit to equation 1 WEDDING, BLACK, AND PAP mm, and n = 3.67. These results demonstrate that the data of Figure 1 can be produced by the summed activities of an enzyme with a low Km and another with a large S0.5 and a Hill number in the region of 4.
Products of Malate Metabolism. The identification of the two enzymes oxidizing malate in the sweet potato root mitochondria as malate dehydrogenase and NAD malic enzyme is supported by studies of the accumulated products of malate metabolism in the mitochondria (Fig. 2) . At low malate concentrations, the fraction of total 02 uptake which can be accounted for by accumulated oxaloacetate is high, while as the concentration of malate increases, the fraction of 02 uptake appearing as oxaloacetate diminishes. Conversely, the fraction which appears as pyruvate is low at low malate concentrations and increases with increased malate concentration. The Figure 3 . This enzyme was assayed at pH 7.2, which is unfavorable for malate dehydrogenase activity in the forward reaction, but this pH was chosen to be comparable with the conditions used in the mitochondrial 02 uptake experiments. The response of malate dehydrogenase to malate shown in Figure 3 fits a "normal" Michaelis-Menten saturation isotherm and indicates a Km of 0.38 mm for malate. Assays at malate concentrations higher than those shown in Figure 3 Figure 1 .
The extract of sweet potato mitochondria also contained an NAD malic enzyme as shown in Figure 4 , where the response of this enzyme to malate is seen to be sigmoidal in nature as postulated for the low affinity component of the malate-oxidizing system. The line of Figure 4 is a gradient least squares fit to: (2) where the symbols have the same meaning as in equation 1 .
The process of fitting the data to this second half of equation 1 produces estimates for this NAD malic enzyme of an SO.5 for malate of 41.6 mm and n = 3.53. Both of these figures are in good agreement with those obtained for the low affinity enzyme in the 02 electrode assays of intact mitochondria.
In addition to the NAD malic enzyme, enzymes which produce pyruvate from malate using NADP as a cofactor have been reported from plant sources (7, 8, 15) . We have found that the oxidation of malate by extracts of sweet potato mitochondria using NADP as a cofactor is somewhat variable, but in several different preparations, the activity with NADP was found to be 16.4 ± 1.5% of the activity with NAD. Under the assay conditions used, this NADP malic enzyme appears to have a normal rectangular hyperbolic response to malate (Fig. 5) . The indicated Km is 0.98 mm, and both the low Km and the lack of sigmoidicity support the idea that this enzyme is an unlikely candidate for the low affinity, pyruvate-producing enzyme responsible for the right hand portion of the curve shown in Figure  1 . To the extent that it is actually operating in intact mitochondria, the activity of the NADP malic enzyme may contribute to the high affinity portion of the curve or may tend to mask the inflection between the two phases seen in Figure 1 . therm have been published, e.g. (3, 13) , the first report of a clearly bimodal malate saturation curve for plant mitochondria of which we are aware is that of Brunton and Palmer (3) which showed, with wheat mitochondria, a definite inflection in the range of 30 to 40 mm malate. These workers also concluded that the bimodal curve was the result of the activity of two enzymes but that, "-it is reasonable to assume that the enzyme saturating at 15 mm is the malic enzyme while the other saturating at 60 mM is the malate dehydrogenase." The basis for this assumption appears to have been the earlier finding (6) that with 100 mm malate, Jerusalem artichoke mitochondria produce more pyruvate when supplied with exogenous NAD, Ca2+, rotenone, and/ or 50 mm thiamine pyrophosphate than in the endogenous reaction. Coleman and Palmer (6) concluded that one pathway for malate oxidation is via a route which is sensitive to the inhibitors rotenone and piericidin A, and which uses malate dehydrogenase as the first step. The other pathway, in their view, is "catalyzed by an exogenous NAD+-linked malic enzyme and associated with the exogenous NADH pathway of oxidation, which is resistant to piericidin A and rotenone inhibition." The interpretation that piericidin A is a specific inhibitor for the enzyme-oxidizing malate at high malate concentrations (in their view, malate dehydrogenase) is made somewhat problematical by the data of Brunton and Palmer, which show in one case (3, Fig. 8 ) more than 50% inhibition of malate oxidation by 25 ng piericidin A at 70 mm malate, but in another (3, Fig. 9 ) relatively little effect of 25 ng piericidin A on malate oxidation at 100 mM malate.
In our view, the evidence cited by these workers in support of malate dehydrogenase as the enzyme responsible for the low affinity portion of the bimodal malate saturation curve and their identification of the NAD malic enzyme as that producing the high affinity portion of the curve is subject to alternative interpretations. For example, the observation that exogenous NAD and rotenone result in increased pyruvate production at 100 mM malate is indicative of a situation in which the NAD malic enzyme is likely to respond more to the added NAD than malate dehydrogenase does. The concomitant inhibition of malate dehydrogenase activity by rotenone operating on the endogenous NADH oxidase would also tend to produce a relatively increased activity of the NAD malic enzyme.
Although a number of workers (3, 13, 15, 16) have shown that pyruvate is produced from malate in plant mitochondria, we are not aware of any report of comparative changes in pyruvate and oxaloacetate production as a function of malate concentration over the range shown in Figure 2 . The changing balance between the two products of malate metabolism seen in that figure seems most compatible with our interpretation that malate dehydrogenase is the enzyme responsible for the high affinity portion of the malate saturation curve of Figure 1 and NAD malic enzyme for the low affinity portion.
The NAD malic enzyme has been isolated from a number of plant mitochondria (3, 8, 9, 14, 15 (8, 9) also seems to indicate the probable importance of its role as part of a crucial switching point in plant metabolism.
